Sunlight-mediated disinfection of water is of interest to both the drinking and recreational water quality community of researchers due to its potential to reduce microbial contamination and waterborne illness. Photo-inactivation of enteric bacteria has primarily been investigated using Escherichia coli and laboratory strains of model bacteria. The present study sought to document the photo-inactivation of environmental isolates of Salmonella in filter-sterilized natural seawater and freshwater and to test the hypothesis that diverse Salmonella serovars decay at similar rates both within and between water matrices. The inactivation of Salmonella enterica Typhimurium LT2, Typhimurium ST19, Heidelberg, and Mbandaka was examined in sunlit and dark microcosms. First order decay was observed in sunlit microcosms; the time until 90% inactivation was of the order of 10 min. A significant shoulder, of the order of 1 hr in length, was observed in the freshwater microcosms during which concentrations were stable. Serovar Mdandaka decayed more slowly than other serovars in both seawater and freshwater.
INTRODUCTION
Photo-inactivation of enteric bacteria in natural waters has been well established using both field and laboratory studies (Boehm et In most sunlight inactivation studies, a specific bacterial species or serovar is chosen as a representative for the genus or species, respectively, under study. There may be important differences in the photo-inactivation of different organisms in the same genus or species due to the presence of different photosensitizing molecules, stress responses, or the presence of pigments or other quenching molecules within the cell. For example, Maraccini et al. () showed that Enterococcus casseliflavus decayed more slowly than Enterococcus faecalis likely owing to the former possessing a carotenoid pigment.
The present study investigated the photo-inactivation of four The goals were to test whether photo-inactivation rates are serovar-specific and whether inactivation rates are different in marine versus freshwaters.
The work conducted herein was motivated in part by our previous study that investigated the distribution of Salmonella in natural waters of central California (Walters et al. ) . We found Salmonella concentrations were higher in freshwater compared to estuarine or marine waters. We isolated a number of different serovars in the waters we studied.
In particular, we found one serovar (S. enterica Typhimurium ST19) to be the most commonly isolated serovar.
Thus, the experiments conducted herein explored the role of environmental persistence in explaining the field observations. In particular, we tested whether the S. enterica Typhimurium ST19 is more persistent in environmental waters than other serovars, and whether the four serovars are more persistent in fresh relative to marine waters.
MATERIALS AND METHODS

Seawater and freshwater matrices
Seawater was collected at Pacifica Beach, CA (salinity of 34.0 ppt) and freshwater collected at San Pedro Creek located in Pacifica, CA (salinity of 0.2 ppt) in 10% HCl-washed containers. Waters were transported to the laboratory and immediately filtered using a 0.1 μm pore size filtration system (Millipore Express PLUS, Billerica, MA) to remove predators and other bacteria. The filtered waters were stored at 4 W C and used for all experiments.
Salmonella serovars
Inactivation of four serovars was evaluated in this study. The laboratory strain S. enterica Typhimurium LT2 was used.
Hereafter, this strain will be referred to as LT2. Salmonella cultivation and preparation of working solution A loop of pure culture (frozen at À20 W C) was inoculated into 20 mL of tryptic soy broth (TSB) and incubated at 37 W C on a rotary shaker at 200 rpm. When the culture reached exponential phase, the culture was transferred to 30 mL of fresh TSB and incubated in the same manner for 9-12 hr until stationary phase was reached. The stationary phase was confirmed from five consecutive OD 546 measurements in 2 hr.
Between ∼100 and ∼40 μL of stationary phase Salmonella culture was transferred to 25 mL (light experiments) or 10 mL (dark experiments), respectively, of filtered seawater or freshwater matrix to produce a concentration of about 10 7 colony forming units (CFU)/mL. This working solution was stirred at 15 W C for 20 min prior to beginning the experiments.
Light experiment
The photo-inactivation of each of the four serovars was tested in fresh and marine water in three or four replicate 
Dark experiment
The dark inactivation of each serovar was tested in both fresh and marine water in a single experiment. Ten milliliters of working solution was placed in a sterile 20 mL culture tube and wrapped with aluminum foil. The tube was incubated in a 15 W C constant temperature room on a rotary shaker at 150 rpm. For a period of 53 days, 0.1 mL samples were withdrawn from the tube every 3-4 days for Salmonella enumeration. The culture tube was capped to prevent evaporation and uncapped every 2 days to allow the exchange of air. Approximately 1.5 mL was removed from the culture tube over the course of the experiment. 
RESULTS
In seawater, all four serovars declined exponentially when exposed to light while in the dark, the concentrations remained approximately constant over the same time period (Figure 1 ). The first order photo-inactivation rates (±95% confidence interval) were 5.3 ± 0.6, 3.9 ± 0.5, 5.7 ± 0.7, and 5.8 ± 0.4 hr À1 for LT2, Mbandaka, Heidelberg, and ST19, respectively ( for all four serovars. Pair-wise comparisons between the photo-inactivation rate constants using the multiple regression method indicated that serovar Mbandaka decayed significantly more slowly than the other three serovars (p < 0.05).
In the seawater dark experiments which lasted 53 days, the Salmonella serovars did not decay or decayed very slowly ( Table 1 ). The decay rates of serovars Heidelberg and LT2 were not statistically different from 0 (p > 0.05).
The first order decay rate of ST19 was 0.0025 ± 0.0009 hr À1 (R 2 ¼ 0.42), and the first order decay rate of Mbandaka was 0.0022 ± 0.0003 hr À1 (R 2 ¼ 0.76). These In the freshwater dark experiments, the serovar concentrations decreased minimally over the extended incubations.
The dark decay rates were 0.002 ± 0.0002, 0.001 ± 0.0004, 0.0007 ± 0.0006, and 0.002 ± 0.0007 hr À1 for LT2, Mbandaka, Heidelberg, and ST19, respectively ( The dark inactivation of each serovar in marine and freshwaters was compared. In marine water only ST19 and Mbandaka showed decline while in freshwater ST19, Mbandaka, and L2T showed decline. The decline of Mbandaka in freshwater was slower than its decline in seawater (p < 0.05). The decline of ST19 did not differ between fresh and marine water. Heidelberg did not decline in either water. LT2 declined in freshwater but not in marine water.
DISCUSSION
All four Salmonella serovars showed sensitivity to sunlight.
The decay rates observed here (of the order of 5 hr À1 or 3.5 m 2 /MJ on a per fluence basis) are the same order of mag- In the present study, multiple hits might be required if the cells in the freshwater microcosms aggregated when they were added to the water. However, the initial number of CFU in the freshwater microcosm would have been lower than expected if cells had aggregated; this was not observed.
It is possible that cells in both the marine and freshwater are injured to a similar extent by the light, but cells in the seawater were unable to withstand the stress imparted by high salinity water. In a previous study (Kramer & Ames ), Salmonella exposed to near UVA light lost culturability more quickly when exposed to increasingly saline waters, potentially a result of photo-oxidative membrane damage.
Because the seawater and freshwater used in this study were natural waters, it is possible they contained different dissolved molecules that affected the mechanisms of inacti- Salmonella showed remarkable persistence in the dark microcosms with decay rates on the order of 0.001 hr À1 .
There was very little decay of all serovars over the 53 days of incubation in both seawater and freshwater. These results indicate that in the absence of light and predators, the bacteria may remain cultivatable for some time. Sinton et al.
() also examined the dark inactivation of S. enterica
Brandenburg in seawater and river water and found quicker decay (∼0.01 hr À1 ), however, their experimental waters were not filtered prior to study so losses due to predation were possible.
We did not investigate dark repair of photo-inactivated Salmonella, although this has been examined by others.
Whereas one set of researchers (Bosshard et al. ) found that S. enterica Typhimurium was not able to repair photo-damage caused by sunlight or UVA, another group (Sciacca et al. ) found that wild Salmonella sp. naturally present in drinking water exposed to sunlight were capable of dark regrowth with no additional nutrients added to the drinking water.
CONCLUSION
The photo-inactivation of four S. enterica serovars was investigated in marine and freshwaters. One serovar, Mbandaka, decayed more slowly than the others in both matrices pointing to intra-species differences in photo-decay. Photo-decay rates were generally the same for each serovar in marine and freshwater, but decay in freshwater was delayed by approximately an hour due to shouldering. ST19 decayed more slowly in freshwater compared to marine water in light microcosms, helping to explain field observations of 
